Outdoor biomass production by indigenous microalgae cultivation with treated effluent is strongly and complexly affected by fluctuating environmental conditions and water qualities in wastewater treatment plants (WWTPs), thus, mathematical models are required to discuss production performance. In this study, five-month outdoor cultivations with CO 2 addition were conducted in two WWTPs (A and B) to reveal cultivation characteristics and examine the applicability of a previously developed model to different WWTPs. The limiting factor for microalgae growth in the treated effluent was different between WWTPs A (carbon) and B (phosphorus). Suspended solids (88 mg/L) in the culture at WWTP B were significantly lower than those at WWTP A (113 mg/L) due to phosphorus starvation in the culture at WWTP B. Meanwhile, Chlorophyceae dominated throughout the cultivation period at both WWTPs. The repeatability of the cultivation characteristics by the model at the same WWTP in different years was verified. It was revealed that application of the model to a new WWTP is difficult with regard to some coefficients. However, sensitivity analysis to identify the dominant coefficient affecting biomass productivity in the model and modification of the coefficient based on simple cultivation experiments resulted in the model being applicable to the new WWTP.
INTRODUCTION
Biomass production by microalgae and its utilization as a renewable energy source has gained attention. For biomass production with artificial cultures [1] , microalgae cultivations have been attempted with wastewater, including municipal, swine and industrial wastewater, that contains plenty of nutrients [e.g 2-4.]. Energy can be efficiently produced by cultivating specific microalgae species with high energy values [5] . However, cultivations with actual wastewater are difficult because of domination by species other than those that have been inoculated [3] . Meanwhile, cultivations of indigenous microalgae have been successfully conducted with actual treated effluents of municipal wastewater treatment plants (WWTPs) for more than six months [6, 7] . In addition, the effectiveness of the produced biomass as a substrate for methane fermentation has been proved [8] . Therefore, cultivation and energy production by indigenous microalgae is a promising future technology to apply to wastewater.
Microalgae growths are strongly and complexly affected by several factors such as temperature, light irradiation, and nutrient concentrations in cultures. Therefore, mathematical models are required to discuss production performances and operational parameters in cultivation systems. Some mathematical models have been developed in previous studies; their verification, and/or discussion of production performances by models have been conducted for cultivation with artificial cultures [1] , high rate algal ponds (HRAPs) [9] , and indoor [10] and outdoor cultivations [7] with treated effluent in WWTPs. Meanwhile, regional weather conditions that affect the outdoor open system of cultivation (the cheaper method of large-scale algal biomass production [11] ), and water qualities were specific, and varied in each WWTP. In addition, changes in weather conditions and water qualities affect cultivation characteristics of indigenous microalgae including not only biomass production but also microalgae compositions that may affect biomass energy content. Therefore, in order to utilize the models as tools to support the prevalence of cultivation and energy production systems through the prediction of biomass production and the choice of operational parameters, applicability of the models to cultivation in different WWTPs with varying environmental conditions and water qualities must be investigated. However, there have been few reports based on cultivation characteristics at different WWTPs.
In this study, outdoor experiments of indigenous microalgae cultivations with treated effluent were conducted in two different WWTPs (A and B) to reveal and compare the cultivation characteristics of indigenous microalgae. Moreover, the applicability of a previously developed model [7] was examined based on the cultivation characteristics.
MATERIALS AND METHODS

Treated effluents for indigenous microalgae cultivations
In WWTP A, raw wastewater obtained through a separated sewage system was treated by indoor wastewater treatment equipment in which the conventional activated sludge process was used. The effective volume of the aeration tank was 100 L, and hydraulic retention time (HRT) and median solids retention time (SRT) in the aeration tank were 6 h and 7.6 d, respectively. Treated effluent in the final sedimentation tank was continuously and directly provided to an indigenous microalgae cultivation reactor.
In WWTP B, raw wastewater obtained through a separated sewage system was treated using the pseudo-anaerobic aerobic process. Average monthly HRT and SRT in the aeration tank were from 8.8 to 9.2 h and from 3.9 to 14.5 d, respectively. Approximately 15 L of treated effluent was collected from the final sedimentation tank with a 20 L poly tank once daily from 10 to 11 a.m. The treated effluent in the poly tank was continuously added to a cultivation reactor.
Outdoor indigenous microalgae cultivations
The same polycarbonate columnar indigenous microalgae cultivation reactors were placed in outdoor locations in WWTPs A and B. The effective surface area, height, and volume were 880 cm 2 , 25 cm and 22 L, respectively. Sunlight was blocked from the side surfaces. Two to three days of HRT and CO 2 addition to maintain culture pH around 7.7 − 8.0 were recommended to obtain high biomass yield and energy production [7, 12] . Therefore, HRT was set at 2 d, and an agitator was used to allow complete mixing in the culture. Commercial CO 2 was added to the cultures when pH reached 8.0, and addition was stopped when pH decreased to approximately 7.7. The CO 2 addition was regulated by a pH controller (WWTP A: FP-01, TGK, Tokyo, Japan; WWTP B: NPH-660NDE, Nissin, Tokyo, Japan). Operation of the two reactors was started on July 3, 2015 and terminated on November 17, 2015.
Indoor indigenous microalgae cultivations
A simple indoor microalgae cultivation experiment with the treated effluent from WWTP B was conducted in order to calculate a coefficient for the mathematical model. A glass columnar reactor with an effective volume of 2 L was set in a growth chamber (LPH-350SP, NK system, Osaka, Japan). A light-dark cycle of 12 h was applied with white fluorescent lamps. It has been previously reported that cultivated suspended solids (SS), which is an important indicator for biomass production in the cultures, with treated effluent in indoor cultivations (25°C and 130 μmol/m 2 /s where radiation was calculated as approximately 2.9 MJ/m 2 /d [13] ) were within the range of outdoor cultivations using the same treated effluent in August (26°C and 15.9 MJ/m 2 /d) at WWTP A [12] . The outdoor weather conditions in August at WWTP A, as described below, were similar to those during August at WWTP B in this study; therefore, 25°C and 130 μmol/ m 2 /s were applied. Semi-continuous indigenous microalgae cultivations with 2 d of HRT were conducted, and 1 L/d of the culture was replaced by the same volume of treated effluent. The same method of CO 2 addition as the outdoor cultivations was used and was regulated by a pH controller (NPH-660NDE, Nissin, Tokyo, Japan). Cultivation was conducted for one month.
Analysis
Water qualities of the treated effluents and cultures of the outdoor cultivations were continuously measured. Water temperature and dissolved oxygen (DO) were measured with a pH meter (WWTP A: HM-31P, TOA DKK, Tokyo, Japan; WWTP B: PH72, YOKOGAWA, Tokyo, Japan) and a DO meter (WWTP A: DO-31P, TOA DKK, Tokyo, Japan; WWTP B: CyberScan DO 110, Eutech, Singapore), respectively. Standard methods were used to determine SS [14] and chlorophyll a [15] . A TOC-L analyzer (Shimadzu, Kyoto, Japan) was used to measure total organic carbon (TOC), dissolved organic carbon (DOC), and inorganic carbon (IC). A TRAACS 2000 instrument (Bran+Luebbe, Norderstedt, Germany) was used to measure nitrogen species (total nitrogen (TN), dissolved total nitrogen (DTN), NH 4 + , NO 2 − , and NO 3 − ) and phosphorus species (total phosphorus (TP), dissolved total phosphorus (DTP) and PO 4 3− ). Suspended total phosphorus (STP) was calculated using the difference between TP and DTP. Dissolved iron was measured with an inductively coupled plasma mass spectrometer (ICP-MS X series, Thermo Fisher, Waltham, USA). When chlorophyll a and dissolved iron were measured, a GF/C membrane with a pore size of 1.2 μm (GE Healthcare, Little Chalfont, UK) and an Advantec 5C filter paper with a pore size of 1 μm (Toyo Roshi Kaisha, Tokyo, Japan) were used, respectively. When the samples were filtered to measure the other indices, a GF/B membrane with a pore size of 1 μm (GE Healthcare, Little Chalfont, UK) was used. Cell numbers of indigenous microalgae species in each culture and individual numbers of zooplankton in each treated effluent and culture were continuously counted. Referring to a standard method [16] , counting was performed using a microscope (BH-2, Olympus, Tokyo, Japan) after 1.25% glutaraldehyde fixation. In terms of zooplanktons, the volume and dry mass of each species were calculated (n = 3), based on the individual lengths of the photographed zooplankton species [17] . The cultures were centrifuged for 20 min at 2000 g (H-7000UL, Kokusan, Tokyo, Japan) and concentrated biomass was collected. The biomass was refrigerated at −20°C and lyophilized (FDU-2100, Tokyo Rikakikai, Tokyo, Japan). In accordance with JIS M 8814 [18] , the higher heating value (HHV) was measured with a bomb calorimeter (OSK 150, Ogawa Sampling, Saitama, Japan).
In the indoor cultivations, SS, TP and DTP were continuously measured. The methods of measurement were the same as for the outdoor cultivations. Cell numbers of indigenous microalgae species in the culture were counted.
Simulations by mathematical model and sensitivity analysis of coefficients
The developed mathematical model consists of eight state variables (indigenous microalgae, zooplankton, detritus, dissolved organic matter, inorganic N, PO 4 3− , IC and DO).
In the model, SS was the sum of indigenous microalgae, zooplankton, and detritus. Regarding indigenous microalgae, the effects of solar radiation, temperature, and concentrations of IC, inorganic N, and PO 4 3− on the growth and respiration, and death are considered in the model. Regarding zooplankton, the grazing of indigenous microalgae, respiration and death are considered. The dead indigenous microalgae and zooplankton, and the residue of the grazed indigenous microalgae are considered as detritus. Simulations were conducted using the same method as that reported in the previous report [7] . Modeled concentrations of the state variables in the treated effluents varied linearly with respect to measured variables. Dilution effects on the cultures by precipitation were considered. Verification of the model has been previously conducted with measured values in cultivations at WWTP A in 2014 [7] . Therefore, repeatability of model application at the same WWTP in different years can be discussed by comparison between measured and simulated values at WWTP A in 2015. Moreover, water qualities in the treated effluents in WWTP B were clearly different from those in WWTP A as described below, and applicability of the model to other WWTPs can be investigated by comparison between measured and simulated values at WWTP B. Focusing on SS, the repeatability and applicability of the model were evaluated.
To identify coefficients that had a greater effect on SS in the culture at WWTP B, a sensitivity analysis of each coefficient related to indigenous microalgae was conducted. The simulation was conducted under average weather conditions in August when high biomass production by indigenous microalgae can be expected due to high temperatures and solar radiation. A parameter was varied ±10% from its original value in the previous study [7] , and variations in SS were calculated by equation (1) . When one parameter varied, the original values were applied to the other parameters. 
Statistical analysis
A Wilcoxon rank sum test was used to examine the statistical significance of differences in the measured values between the two WWTPs. A significance level of 0.05 was used for all tests.
RESULTS AND DISCUSSION
Environmental conditions and water qualities of treated effluents at WWTPs
Referring to reported data by the Japan Meteorological Agency [19] , average monthly temperature and solar radiation, and monthly precipitation amount in the areas where the two WWTPs are located are summarized in Fig. 1 . Monthly precipitation amount varied between the two areas (e.g., high precipitation amount in September at WWTP A and in November at WWTP B). Meanwhile, similar trends and values in temperature and solar radiation were obtained at both sites.
Distributions of each water quality index in each effluent are shown in Fig. 2 . IC and TN at WWTP A were significantly lower (probability (p) = 1.8 × 10 −6 and 1.9 × 10 −12 ) than at WWTP B. It was cleared that TN mainly consisted of NO 3 − at WWTP A (median ratio of NO 3 − /TN was 0.649) and NH 4 + at WWTP B (median ratio of NH 4 + /TN was 0.789).
Nitrification was observed in the aeration tank at WWTP A. It was found that TP at WWTP B was significantly lower (p = 6.6 × 10 −7 ) than that at WWTP A due to application of the pseudo-anaerobic aerobic process, and TP mainly consisted of PO 4 3− at WWTP A (median ratio of PO 4 3− /TP was 0.955).
Meanwhile, the ratio of PO 
Cultivation characteristics of indigenous microalgae
Distributions of each water quality index in each culture of the outdoor cultivations are shown in Fig. 2 . Culture DO was much higher than that in the treated effluents at each WWTP due to the occurrence of photosynthesis.
It was cleared that SS and chlorophyll a at WWTP B 1 Average monthly temperature and solar radiation, and monthly precipitation amount, measured by the Japan Meteorological Agency [19] , in areas where the two wastewater treatment plants (WWTPs) are located. treated effluent at WWTP A was the limiting factor, and CO 2 addition to the culture contributed to the increase in IC and promoted indigenous microalgae growth. According to the half saturation constant of IC (3.0 mg-C/L) [21] , IC in the cultures at both WWTPs was abundant.
Slight TN loss in the cultivations was observed at both WWTP A (median value: from 16. probable that CO 2 addition to the culture promoted nitrification in the culture at WWTP B. The half saturation constant (0.025 mg-N/L) [23] suggested abundant inorganic N in cultures at both WWTPs. Median value of TP was similar between the treated effluent and culture (WWTP A: 1.66 and 1.64 mg-P/L; WWTP B: 0.550 and 0.500 mg-P/L). A decrease in DTP to median values of 0.890 and 0.274 mg-P/L was achieved by the cultivations at WWTP A and B, respectively. The phosphorus containing ratio in SS (STP/SS) at WWTP B (median value: 0.0063 mg-P/mg) was significantly lower (p = 1.2 × 10 −4 ) than that at WWTP A (median value: 0.011 mg-P/mg). According to the half saturation constant (0.002 mg-P/L) [23] , PO 4 3− in the culture at WWTP A was abundant. Meanwhile, median and 75th percentile values of PO 4 3− in the culture at WWTP B were <0.007 and 0.008 mg-P/L respectively, showing depletion. It has been reported that microalgae store phosphorus as polyphosphate in their cells to use as a phosphorus source for growth when external phosphorus is limited, and the stored polyphosphate is utilized under depleted phosphorus conditions [24] . Takabe et al. [7] reported that biomass produced by indigenous microalgae cultivations with treated effluents mainly consisted of the microalgae and their detritus. Therefore, assuming that the containing ratio of phosphorus in the detritus was the same as that in indigenous microalgae, it is likely that the reported characteristics of phosphorus storage and consumption partly contributed to the lower phosphorus containing ratio at WWTP B than at WWTP A. The phosphorus containing ratios at WWTP A and B were distributed within the ranges of those found in a previous study [25] . Changes in SS in the cultures over time are shown in Fig. 3 . After the operation began, SS continuously increased until the middle of July at WWTP A. Stable SS was observed until the middle of October, except for comparatively low values at the beginning of September due to continuous precipitation, and then SS continuously decreased mainly due to low temperature and solar radiation. At WWTP B, an increasing trend was observed in July, except for a slight decrease during the period from 17 to 22 partly due to low phosphorus in the treated effluent (TP: 0.322 − 0.443 mg-P/L). High phosphorus in treated effluent (TP: 0.978 − 1.44 mg-P/L) from July 30 to August 5 partly contributed to high SS at the beginning of August. Some brief changes in SS at WWTP B were obtained until the middle of October, and a continuous decreasing trend was observed after that. Biomass production efficiency [SS (g/L) × flow rate (L/d) / surface areas (m 2 )] in each month at WWTPs A and B was distributed from 7.5 to 17 g/m 2 /d and from 6.5 to 16 g/m 2 /d respectively, and was comparable to that of other outdoor indigenous microalgae cultivations with treated effluents (from 5 to 16 g/m 2 /d) [6] .
Reduction in microalgae biomass by zooplankton grazing has been a great problem [26] , and it has been reported that grazing (e.g. by Rotifera and Cladocera) resulted in sharp and continuous decreases in biomass productivity to approximately 10% in HRAP [27] . The concentrations of total zooplankton and Rotifera in each culture are shown in Fig.  3 . Cladocera was not observed in this study.
The dry zooplankton accounted for at most 2.3% of SS (dry-weight basis), and the ratio was quite small at WWTP A. The weight of Rotifera accounted for high ratios of total zooplankton; however, a sharp decrease in SS was not observed during the cultivation period. It has been reported that a decrease in SS by zooplankton grazing did not seem to occur in cultivation at WWTP A in 2014 [7] , and this has again been observed.
At WWTP B, the dry zooplankton accounted for at most 2.9% of SS (dry-weight basis), and the ratio was also quite small. The weight of Rotifera accounted for high ratios of total zooplankton from August 20 to September 16. The weight of Oligochaeta accounted for approximately 50% of the total zooplankton on October 6 and 21, when high concentrations of total zooplankton were observed, and Ciliophora existed as almost 100% of the total zooplankton during the other periods. A sharp decrease in SS was observed from September 5 (84 mg/L) to 12 (16 mg/L) and from September 23 (124 mg/L) to October 3 (28 mg/L). Zooplankton and Rotifera concentrations were similar from August 20 to September 16; therefore, the former decrease did not seem to be attributable to zooplankton grazing. The highest zooplankton concentrations were found on October 6 just after the sharp decrease in SS. However, simulation by the mathematical model with coefficient revision at WWTP B, described below, showed that the maximum feeding rate of microalgae (dry-weight basis) by zooplankton was 0.60 mg/L/d, and this rate is much lower than the decrease rate of SS from September 23 to October 3 (9.4 mg/L/d). Therefore, model analysis suggested that the contribution of zooplankton grazing to the decrease in SS was small.
One of the main roles of HRAP is to treat wastewater, and HRT over 4 d is often applied [e.g 27.] . Meanwhile, in this study, HRT in the culture with treated effluents could be selected by considering only biomass production and high energy yields. An HRT of 2 d was chosen in order to obtain high biomass [7] ; HRT in this study was shorter than that in HRAP. It has been reported that a decrease in biomass as a result of zooplankton grazing is experienced in HRAP with HRT over 4 d, while HRAP with shorter HRT (2 − 3 d) did not experience grazing [28] . Therefore, it is probable that this study did not experience grazing partly due to the shortened HRT.
Changes in cell number ratios of each indigenous microalgae to the total cell numbers in each culture over time are shown in Table 1 . It has been reported that Chlorophyceae dominate in HRAP [4, 29] and this study also found that indigenous microalgae mainly consisted of Chlorophyceae during the cultivation period at both WWTPs A (52.4 − 98.7%) and B (28.2 − 100%). Therefore, dominance of Chlorophyceae in not only indigenous microalgae cultivation with primary settled wastewater but also with treated effluents was revealed. Takabe et al. [7] suggested that favorable weather conditions for Chlorophyceae growth, and abundant iron in the treated effluent that prevented sudden domination by Cyanophyceae, resulted in continuous Chlorophyceae dominance at WWTP A in 2014. The weather conditions at WWTP B were similar to those at WWTP A. In addition, dissolved iron concentrations in the treated effluent at WWTP A (n = 2, 59.3 and 362 µg-Fe/L) and WWTP B (n = 2, 65.0 and 77.3 µg-Fe/L) in this study were abundant in terms of microalgae growth [30] . Therefore, it is likely that the weather conditions and abundant iron contributed to Chlorophyceae dominance at both WWTPs.
Dictyosphaeriaceae dominated at WWTP A, and Micractiniaceae or Scenedesmaceae at WWTP B. These families were also frequently observed at HRAPs [4, 29] . Scenedesmaceae dominated in cultivation at WWTP A in 2014 [7] . The dominant families differed at WWTP A between 2014 and 2015, although this had little effect on the biomass production described above.
Median (minimum-maximum) HHVs at WWTP A (n = 5) [7] . In addition, there was no significant difference (p = 0.095) in HHV between the two WWTPs. Utilization of the biomass produced by cultivations with treated effluent as a substrate for methane fermentation has been recommended [7] , and 46% methane conversion efficiency based on HHV has been reported [31] . Therefore, it was expected that in utilizing one gram of the cultivated biomass (dry-weight) in this study, approximately 7.4 − 8.3 kJ of renewable energy could be generated by methane fermentation.
Applicability and repeatability of mathematical model
Simulated values of SS by the mathematical model at WWTPs A and B are shown in Fig. 3 . The simulation was conducted without any revision of model coefficients. However, there is close agreement between the simulated and measured values at WWTP A, represented by the same median values from August to September (measured and simulated values: 101 mg/L). Operational conditions of the cultivation reactor at WWTP A in this study were the same as those in 2014 [7] , and the culture conditions i.e., the abundant existence of IC, inorganic N and PO 4 3− , were also similar to those in the previous study. Therefore, it is likely that the similar culture conditions led to the model being applicable without any revision of the coefficients. Based on these results, the repeatability of the model at the same WWTP in different years was verified. At WWTP B, the change in simulated values over time harmonized with the measured values; however, simulated values were lower than measured values, represented by median values from August to September (measured: 94 mg/L; simulated: 46 mg/L). Therefore, it was difficult to directly apply the model to WWTP B. The culture conditions in the previous study [7] did not cover the PO 4 3− starvation condition observed at WWTP B in this study. The difference in elemental composition of the treated effluent at WWTP B compared to WWTP A contributed to the difficulty in model application.
As described above, the ratio of zooplankton in SS was quite small, and the sensitivity analysis was conducted for coefficients related to indigenous microalgae. The results of the sensitivity analysis are shown in Fig. 4 . Changes in the containing ratio of phosphorus in microalgae had a much greater effect than the other coefficients on variations in SS.
Changes in SS and STP over time in the indoor cultures are shown in Fig. 5 (a) . Both SS and STP were stable after day 19. It was found that DTP was distributed between 0.013 and 0.025 mg-P/L during the stable period and was slightly higher than that in the outdoor experiments. Meanwhile, SS was consistently distributed within the values in the outdoor cultivations. In addition, Scenedesmaceae dominated the culture (ratio of cell numbers of Scenedesmaceae to the total cell numbers (n = 2) 84.4% and 93.6%), which also cor- Table 1 , during the period in which the stable SS and STP were obtained. Assuming that the containing ratio of phosphorus in detritus was the same as that in indigenous microalgae, the containing ratio of phosphorus in indigenous microalgae was calculated based on the results after day 19 and the conversion efficiency from dry-weight to chlorophyll a [32] . Distributions of the calculated containing ratio of phosphorus are shown in Fig. 5 (b) . The values had small variations with a median value of 0.22 mg-P/mg-Chl. a.
Recalculation of SS at WWTP B was conducted with the median containing ratio of phosphorus. The containing ratio was obtained from the indoor cultivations whose operations were independent from the outdoor cultivations. However, improved close agreement between measured and calculated values was obtained, represented by median values from August to September (measured: 94 mg/L; simulated: 77 mg/L). Based on these results, it is suggested that the following steps should be conducted to apply the mathematical model to a new WWTP: (1) conduct a sensitivity analysis of coefficients with data on environmental conditions and water qualities at the WWTP to reveal the dominant coefficients affecting SS, (2) conduct simple cultivation experiments with treated effluent at the WWTP to calculate the coefficients fitted to the cultivation characteristics at the WWTP, (3) utilize the model with revised coefficients for prediction of biomass production and selection of operating parameters.
CONCLUSIONS
The phosphorus containing ratio in SS at WWTP B (0.0063 mg-P/mg) was significantly lower than that at WWTP A (0.011 mg-P/mg) due to phosphorus depletion at WWTP B. Biomass production efficiency by indigenous microalgae with treated effluent at WWTP A and B was distributed between 7.5 and 17 g/m 2 /d and between 6.5 and 16 g/m 2 /d, respectively. Zooplankton grazing did not seem to occur. Chlorophyceae dominated in each culture at both WWTPs A and B, and HHVs of the produced biomass were from 16.1 to 18.2 kJ/g. Similar culture conditions i.e., the abundant existence of IC, inorganic N, and PO 4 3− in the culture at WWTP A across different years meant that the previously developed model was applicable, and the repeatability of cultivation characteristics obtained by the model at the same WWTP in different years was verified. The different elemental composition in the treated effluent at WWTP B that led to phosphorus depletion in the culture contributed to the difficulty in applying the model at that site. However, it was revealed that sensitivity analysis of coefficients in the model to identify the dominant coefficient affecting biomass productivity, and modification of that coefficient based on simple cultivation experiments, allowed the model to be applicable to WWTP B, and the procedure to apply the model to a new WWTP was shown.
